Glutathione thiyl radicals (GS • ) were generated in H 2 O and D 2 O by either exposure of GSH to AAPH # , photoirradiation of GSH in the presence of acetone, or photoirradiation of GSSG. Detailed interpretation of the fragmentation pathways of deuterated GSH and GSH-derivatives during mass spectrometry analysis allowed us to demonstrate that reversible intramolecular Hatom transfer reactions between GS • and C-H bonds at Cys[ α C], Cys[ β C], and Gly[ α C] are possible.
Introduction
The tripeptide glutathione (GSH) plays a critical role in cellular homeostasis. 1 GSH is an essential component of (i) the glutathione-S-transferase-catalyzed conjugation affording signalling and regulation of biological pathways, 2 xenobiotic detoxification 3 and (ii) cellular redox homeostasis through reversible oxidation to glutathione disulfide (GSSG; reaction 1). 4 (1) # Abbreviations: NEM: N-ethylmaleimide; IOA: Iodoacetamide; AAPH: 2,2′-azobis(2-methylpropionamidine) dihydrochloride; GSH*: Reduced-glutathione, where Gly residue is labeled with 15 N and 13 C at carbons C 1 and C 2 . MS n fragmentation (n=1,2,3,4): An ion trap mass spectrometer equipped with multiple quadrupoles can perform multiple stage mass spectrometry (MS n ). Therefore, this symbol refers to multi-stage MS/MS experiments designed to record product ion spectra where n is the number of product ion stages. The latter is so-called, progeny ion, and corresponds to a charged product of a series of consecutive reactions that includes product ions, at the 1 st generation, 2 nd generation and etc… According to the sequential fragmentation: GSH is also a suitable hydrogen/electron donor for one-electron reduction reactions, which lead to glutathione thiyl radicals, GS • (reaction 2). (2) Such one-electron reduction reactions of thiols are relevant for the protection of organisms against free radicals, generated, for example, through metabolic processes 5 or the exposure to ionizing radiation. 6 However, it was recognized that thiyl radicals may also involve in the reverse reaction, i.e. hydrogen abstraction from C-H bonds present in alcohols and ethers, [7] [8] [9] [10] carbohydrates, 11 polyunsaturated fatty acids, 12 and amino acids, [13] [14] [15] and rate constants for such reactions have been provided by means of radiation chemical techniques.
In peptides the resulting carbon-centered radicals can involve in hydrogen transfer reactions between amino acid side chains. 16 (3) Specifically GS • radicals feature a pH-dependent intramolecular hydrogen transfer between the thiyl radical moiety and the α C-H bond of the N-terminal γ-Glu residue (reaction 3). 13, 17, 18 However, electron spin resonance (ESR) 19, 20 and pulse radiolysis studies 21 have also demonstrated evidence for hydrogen transfer between the thiyl radical and additional C-H bonds. For example, Karoui et al. 20 demonstrated that the oxidation of GSH resulted in the appearance of two types of carbon-centered radicals, monitored by ESR, and Neta and Fessenden 19 interpreted their ESR data with the formation of a carbon-centered radical at the α C position of the Cys residue. The latter observation would suggest the possibility for a 1,3-hydrogen transfer in GS • , supported also by experimental observations on the oxidation of penicillamine. 20 Additional ESR experiments obtained with small model thiols also suggest the possibility for a formal 1,2-hydrogen transfer in thiyl radicals, i.e. the observation of • CH 2 SH radicals after the photolysis of CH 3 SH, 22 and the detection of CH 3 C • H-SH radicals after photolysis of CH 3 CH 2 SH. 23 Theoretical calculations have examined activation energies for intramolecular hydrogen transfer reactions in GS • . 24 Here, the hydrogen transfer between the thiyl radical and the α C-H bond of γ-Glu displays a rather low activation energy of ΔG ≠ = 37-42 kJ mol −1 , whereas the 1,3-hydrogen shift within the Cys residue shows ΔG ≠ = 110 kJ mol −1 and hydrogen transfer from the C-H bonds of the C-terminal Gly residue shows ΔG ≠ = 134 kJ mol −1 (in the (Z)-conformation). Nevertheless, experimental evidence for a 1,3-hydrogen transfer within thiyl radicals from Cys (CysS • ) exists, both in the gas phase 25 and in solution. 13, 26 In addition, covalent H/D exchange experiments have demonstrated the potential for CysS • radicals to abstract hydrogen atoms from neighbouring Gly and Ala residues in several model peptides, [27] [28] [29] [30] [31] suggesting that such a hydrogen transfer reactions should, in principle, be experimentally possible also in GS • .
In this paper, we report experimental evidence that the thiyl radical in GS • enters reversible hydrogen transfer reactions not only with the γ-Glu residue, but to a significant extent with the C-H bonds of Cys (1,2-and 1,3-hydrogen transfer) as well as the C-terminal Gly residue.
To demonstrate these hydrogen transfer reactions, we have generated GS • via three independent chemical methods, (i) the reaction of GSH with carbon-centered radicals generated through the thermal decomposition of (AAPH), (ii) the photolysis of GSSG, and (iii) the reaction of GSH with carbon-centered radicals ( • CH 3 , CH 3 C • O) generated through the photolysis of acetone. 
Preparation of the deuterated buffer solutions
Ammonium bicarbonate buffers were prepared at a concentration of 50 mM at three different pH/pD, 7. 
Reaction between GSH and AAPH
GSH (750 µM) and AAPH (2 mM) were incubated for 1 hour at 37 °C under Ar in ammonium bicarbonate buffers (50 mM, pH/pD 7.1, 8.1 or 9.1). The stock solutions of GSH and AAPH were pre-saturated under Ar and placed on ice prior to be mixed. The reaction was stopped by alkylation of Cys with NEM. The latter was performed as follows: the samples were diluted in 50 mM ammonium bicarbonate, pH 8, in 50:
(referred to as balanced ammonium bicarbonate; for a rationale to use balanced buffer, see section 2.9) containing 1 mM NEM. The reaction products were analyzed by capillary LC-MS/MS connected to a SYNAPT-G2 (Waters Corporation, Milford, MA, USA) mass spectrometer (for more details on LC-MS analysis, see section 2.7).
Reaction between GSH* and AAPH
GSH* (750 µM) and AAPH (2 mM) were incubated for 1 hour at 37 °C under Ar in a nonbuffered solution. The amount of GSH* was limited. To run MS n experiments on the GSH*-derived products, we had to maintain a concentration of GSH* similar to that used with GSH. Experimentally, the latter led us to avoid dilution of the GSH* stock solution. The pH of the solution was therefore different from the pH of the other solution (GSH). Because in this pH range the decomposition rate of AAPH may vary, our experiments will not allow us to compare quantitatively the amount of covalent deuterium incorporation into GSH* (vs GSH). GSH* was only used, in parallel to GSH, to discriminate between the different fragment ions during the MS n experiments. By no means the GSH* solution could be used for quantitative measurements. The pH/pD of the final solutions was 3.5 (after addition of AAPH). The stock solutions of GSH* and AAPH were pre-saturated with Ar, and placed on ice prior to be mixed. 
Sample preparation for FT-ICR analysis
The following procedure was applied to analyze products obtained from i) the acetylation and deuteron-acetylation of GSH and GSH* during photo-irradiation in the presence of acetone-h 6 and acetone-d 6 , and ii) the covalent deuterium incorporation into GSH 34 . MS 3 and MS 4 were acquired with an attenuation of the parent ion in the range of 25%-35%. The mass window to collect the parent ion was fixed to 0.2 Da. The samples were directly infused.
Covalent H/D exchange into GSH/GSH* and isotopic correction
After exposure of GSH to AAPH or formation of GSH during photoirradiation of GSSG, covalent deuterium incorporation into GSH (and GSH*) was determined as described below.
The formation of GSH during the photo-irradiation of GSSG and the mechanisms leading to covalent deuterium incorporation into GSH are described in Scheme 1. Briefly, UVirradiation at λ = 253.7 nm of a disulfide bond (as in GSSG) leads to the formation of a pair of thiyl radicals (GS • ). Ultimately, the disproportionation reaction of two GS • radicals leads to the formation of a thiol and a thioaldehyde. More details about the photochemistry of disulfide bonds are documented elsewhere. 28, 30, 35 The reaction of GSH with AAPH (Scheme 1, reactions 4 and 5) leads to the formation of GS • . 11 Intramolecular H-atom transfer between GS • and one of the several C-H bonds present in GS • (Scheme 1, reaction 7) generates C-centered radicals and a thiol, which converts into deuterothiol in D 2 O, and donates a deuteron back to the carbon-centered radical (Scheme 1, reactions 8 and 9).
After derivatization with NEM, the deuterium composition of GS-NEM and its fragment ions was determined from the differences between the average mass of a covalently deuterated peptide and the average mass of the corresponding fully protonated peptide. The average masses were calculated from centroided isotopic distributions. The distribution of deuterium incorporation is obtained after isotopic correction by subtracting the isotope abundance distribution in the product formed during either exposure to AAPH or UVirradiation in H 2 O from the isotope abundance distribution of the same product generated in D 2 O. This variation of the isotopic distribution between the experiments performed in D 2 O and H 2 O will be given throughout this paper by the variation of the percent base peak intensity (%ΔBPI).
Importantly, the derivatization of GSH with NEM in D 2 O leads to the incorporation of one deuteron into the derivatized photoproduct (GS-NEM [27] [28] [29] [30] Consequently, any differences in covalent deuterium content in GSH/GSH* are the result of the free radial reactions (and not the derivatization with NEM).
Computational details
Density Functional Theory (DFT) calculations presented were performed with the Gaussian-03 (G03) molecular orbital packages. The geometry optimization and frequency calculations were carried out at the B3LYP/6-311+G(d,p) level by the hybrid HF-DFT procedure implemented in the Gaussian software package. 36 The geometries of the molecules were optimized in vacuum. The Gibbs free energies were calculated at 298°K (G 0 298 ) and are given in kcal/mol.
Results
Three chemical routes for the formation of glutathione thiyl radicals (GS • ) were used (Scheme 1). The first route consisted of exposing GSH (or GSH*) to the C-centered radical resulting from the thermal decomposition of AAPH. Such reaction allows H-atom abstraction from the thiol to generate GS • (Scheme 1, reactions 4 and 5). The second and third routes are based on photochemical techniques. The photoirradiation of GSSG at λ=253.7 nm yields a pair of thiyl radicals (Scheme 1, reaction 6), analogous to processes characterized for various peptide disulfides. 28, 30, 35 The photochemistry of acetone yields methyl and acetyl radicals (Scheme 1, reaction 10). GSH (and GSH*) reacts with • CH 3 / • CD 3 , and • COCH 3 / • COCD 3 generated during the photochemistry of acetone-h 6 or acetone-d 6 , respectively, which initially abstract the H-atom from the thiol function of GSH (or GSH*). Subsequently, covalent H/D exchange reactions (Scheme 1, reactions 7-9) were monitored, and, in addition, the final recombination products of glutathione-derived radicals (either C-or S-centered radicals) with the acetyl radical (Scheme 1, reactions [11] [12] [13] . Using a combination of GSH/GSH* and CX 3 CO (X=H,D) in H 2 O provided a number of variables to identify specific products characteristic for radical formation on glutathione after initial formation of GS • .
GSH and the thermal decomposition of AAPH
GSH (m/z 308. (Fig. 2) . The fragment ion with m/z 102.05, corresponding to the γ Glu residue, shows covalent deuterium incorporation. Fig. 3,  B) is explained in the Supplementary Material, in section S1.2. The reaction mechanism is displayed in Scheme 2. The presence of the ion with m/z 204.1 (Fig. 3 , insert B1) provides evidence that the third deuterium is also incorporated into Cys (rather than Gly*), either on the α C or the β C carbon. The concomitant observation of the ion with m/z 215.1 (Fig. 3 , insert B2) suggests that both α C and β C of Cys contain one deuteron each. In such case, the fragmentation pathway is fully explained through reactions 18b-21b, invoking the same neutral losses as described in reactions 14-17 (Scheme 2). In summary, the MS 2 analysis of 2-d-X provides strong evidence for covalent H/D exchange at α C and β C of Cys. Figure 4 , B, and the fragmentation mechanism is given in Scheme 3. The fragmentation mechanism is similar to the one described above for the y2 fragment of 3-h. Three deuterons are located on the y2 fragment ion of product 3-d-X. These deuterons can occupy three of the positions X 1 , X 2 , X 3 , or X 4 , as outlined in Scheme 3. The smallest fragment detected is the ion with m/z 133.0. Such ion results from the loss of H 2 O from the ion with m/z 151.0 (Scheme 3, reactions [28] [29] [30] . The fragmentation mechanism leading to the formation of the ion with m/z 151.0 involves reaction 27. Due to the low amount of material, none of the ions resulting from the further loss of 13 CO and 15 NH= 13 CHX are observed. Consequently, the MS 3 fragmentation of trideuderated y2 cannot give any further information on whether deuterium is incorporated in Gly*. Nevertheless, the presence of three deuterons in y2 of 3-d-X confirms that at least one deuteron must be located on the Cys residue.
GSH* and the thermal decomposition of AAPH

UV-irradiation of GSSG
UV-irradiation (λ = 253.7 nm) of GSSG leads to the formation of GSH via an initial pair of GS • . The isotopic distributions of GSH generated in H 2 O and D 2 O, respectively, and derivatized with NEM (products 2-h and 2-d-X) are compared in Figure 5 . LC-MS analysis reveals that product 2-d-X has incorporated deuterons. The respective percentages of 2-d-X which have incorporated one and two deuterons increase over a pH/pD range of 7.1-9.1 (Fig. 5, inserted table) .
Photochemistry of acetone in the presence of GSH and GSH*: analysis of the b2 ion
The 253.7 nm photolysis of acetone at room temperature leads to the formation of methyl (H 3 C • ) and acetyl radicals (CH 3 C • O). 37 These radicals are able to abstract an H-atom from GSH 38 to yield GS • which subsequently enters reversible H-transfer reactions (Scheme 1, reactions [11] [12] [13] . More details about the photochemistry of sulfur-containing peptides in the presence of acetone are given elsewhere. 29 Ultimately, both H 3 C • and CH 3 C • O can combine either with C-and S-centered radicals of GSH and GSH*. Specifically, the recombination products with carbon-centered radicals of GSH and GSH* provide information about the original formation and location of intermediary carbon-centered radicals. Hence, the recombination products were analysed by mass spectrometry. Because the loss from I 1 of the ketene group is more favourable than the loss of H 2 O (See calculations in Supplementary Material, Scheme S1), we believe that the fragmentation pathways described in Scheme 5 are more likely to occur than those described in Scheme 4.
ii) Acetylation of the γ Glu residue-The presence of ions with m/z 172.0 (Fig. 6, A) and m/z 175.0 (Fig. 6, B) suggest also that the γ Glu residue of GSH is acetylated during the photolysis of GSH in the presence of acetone-h 6 (and acetone-d 6 ). The low intensity of these ions did not allow further fragmentation to localize with more precision the acetylation site within γ Glu.
Photochemistry of acetone in the presence of GSH and GSH*: analysis of the y2 ion
The acetylation of Cys and Gly/Gly* will be analyzed through fragmentation pathways of the y2 (Table 4) . Here, the labels h and d refer to the use of acetone-h 6 and actone-d 6 , respectively. The label S refers to the acetylation of the thiol group. The label Y summarizes an acetylation on either the α C carbon of Cys, the α C carbon of Gly or the β C carbon of Cys. When we will refer to one of these products, the Y label will be replaced with either the label Cys 
fragment ions of products 4-h-S, 4-d-S, 5-h-Y, 5-d-Y, 6-h-S and 7-h-Y
In summary, products 4-h-S, 5-h-Y, 6-h-S, and 7-h-Y correspond to the acetylation products of GSH during the photolysis of acetone-h 6 . Products 4-d-S, and 5-d-Y correspond to the acetylation products of GSH during the photolysis of acetone-d 6 . The mechanism leading to the formation of 4-h-S and 4-d-S is described in reactions 31 and 32 (see above). The formation of products 5-h-Y and 5-d-Y is explained through reactions 56 to 58 (Scheme 6).
The mechanism leading to the formation of 6-h-S proceeds through reactions 31 and 32 (see above, the reactions are representatively shown only for GSH). The formation of products 7-h-Y is explained by reactions 59 to 61 (Scheme 6).
The MS 3 spectra of the y2 fragments ions are displayed in Figure 7 . , supports the mechanism depicted in Scheme 7 and is mechanistically described in the Supplementary Material (section S5).
ii) Acetylation of Gly[ α C]-The products 5-h-Gly[ α C], 5-d-Gly[ α C], 7-h-Gly[ α C]
arise from the recombination of CH 3 C • O with a carbon-centered radical on Gly/Gly*, and can be analyzed through further fragmentation of the y2 ion. In fact, it will be shown that only the acylation of Gly/Gly* can fully explain the nature of the fragment ions derived from y2. (Fig. 7, A, B, C) . Subsequently, the loss of 12 and 5-h-Gly[ α C] generates cyclic ions which lead to further fragmentation. Our analysis of MS 3 and MS 4 spectra show that the only way to fully rationalize the formation of all fragment ions of the y2 ions is to start the fragmentation from the six-membered ring generated from y2 of 5-h-Gly[ α C] ( Table 5 , Scheme 8). Our calculations show that for all the combinations of absolute configurations of the cyclic y2 ions presented in Table 5 , the most stable configuration under vacuum is the hexacyclic ion obtained from product 5-hGly[ α C] (if the absolute configuration is (S,R,R)). Thus, these calculations provide additional support for the formation of such ions in the gas phase and support our proposed fragmentation mechanisms suggesting the acetylation of Gly[ α C].
Formation of dehydroalanine during the reaction of GSH with AAPH
The exposure of GSH to AAPH generates a glutathione-thioether (GSG, m/z 581.2), corresponding to the formal loss of one sulfur atom from GSSG. The isotopic distribution is given in the Supplementary Material ( Figure S1 ). The formation of the thioether is rationalized by the transformation of Cys into dehydroalanine, followed by the addition of the thiol of a second molecule of GSH (Scheme S4). The transformation of Cys into dehydroalanine (Dha) results from a 1,3-H-transfer between the sulfur-centered radical and the α C-H bond of Cys. 32 The formation of such product further supports the formation of a carbon-centered radical through intramolecular hydrogen transfer reactions of GS • .
Discussion
Earlier experimental 13, 17, 18 and computational 24 studies supported an intramolecular hydrogen transfer reaction between the thiyl radical GS • and the α C-H bond of the γ-glutamyl moiety of glutathione. The bond dissociation enthalpies (BDE) of the different α C-H bonds in GSH, based on the method of isodesmic reactions, decrease in the following order: α C-H (Cys): 346 kJ mol −1 , α C-H (Gly): 344 kJ mol − 1 , and α C-H (Gln): 320 kJ mol −1 . 24, 39 The low BDE of α C-H (Gln) is consistent with the experimental observation of the formation of an α C-centered radical at the Gln moiety. 18 On the other hand, the calculated free energy of activation for the H-atom transfer reaction between GS • and the α C-H bond at Gly is hindered by a barrier of 134 kJ mol −1 . 24 Here, we provide evidence for additional intramolecular hydrogen transfer reactions in GS • , namely reversible hydrogen transfer between the thiyl radical in GS • and (i) the C-terminal Gly (or Gly*) residue, and (ii) the α C-H and β C-H bonds in Cys itself. The latter reactions correspond to 1,3-and 1,2-H atom transfers of the Cys thiyl radical, CysS • , in GS • . We hypothesize that the formation of the C-centered radicals are the results of reversible hydrogen atom transfer reactions between GS • and C-H bonds present in GSH. Recently, Nauser et al. 26 have provided pulse radiolysis data supporting a 1,2-and 1,3-H atom transfer reactions in thiyl radical of model compounds. These reactions are most likely solventassisted. A proton-coupled electron transfer (PCET) is, therefore, a possibility, but in this paper we cannot experimentally distinguish PCET from hydrogen atom transfer (HAT).
A brief statement to exclude any intermolecular H-atom abstraction reactions between C-H bonds, in GSH, and the C-centered radicals or GS • , is required.
For intermolecular H-atom transfer reactions, the rate constants k 94 and k −94 are estimated to be k 94 = 3 × 10 3 -3 × 10 4 M −1 s −1 , 7,9,11 and k −94 = 10 7 -10 8 M −1 s −1 , 40 respectively.
Thus, under our conditions, the pseudo-first order rate constant for an intermolecular Hatom abstraction reaction between GS • and a C-H bond of GSH (k 94 ) would be on the order of 2.3 -23 s −1 . In comparison, the rate constant for an intramolecular 1,2-H atom transfer within CysS • is several orders of magnitude faster (ca. 10 5 s −1 ). 26 Therefore, an intermolecular hydrogen abstraction reaction between GS • and any C-H bond should be kinetically negligible. The C-centered radicals generated from the thermolysis of AAPH should react with the thiol of GSH (k −94 ) with a pseudo-first order rate constant of ca. 5 × 10 3 -8 × 10 4 s −1 . Moreover, the rate constants for H-atom abstraction reactions between methyl radicals and an S-H bond (in a thiol) and a C-H bond in glycine (or glycine [AAPH] (Ms −1 ). 43 Hence, a one hour exposure of 2 mM AAPH yields ca. 10 µM AAPH[C • ], of which ca. 0.1% are expected to react with the C-H bonds in GSH. However, over one hour ca. 40% of GSH at an initial concentration of 750 µM incorporated deuterium (Figure 1 ), i.e. a significantly higher yield compared to that expected if deuterium incorporation were initiated via reaction of AAPH[C • ] with the C-H bonds of GSH. In fact, the yield is significantly higher than the initial yields of AAPH[C • ], pointing to a chain reaction, which may be propagated through the reaction of a thiol radical with thiol, transferring the thiyl radical from an already deuterated GSH to a non-deuterated GSH. The reaction of C-centered radicals with the C-H bonds can therefore be neglected. We also discussed, and demonstrated experimentally, that neither H 3 C • nor CH 3 C • O radicals, resulting from the photolysis of acetone, could efficiently abstract hydrogen atoms from α C-H bonds in a model peptide, which did not contain Cys: 29 experimentally, we could neither observe product formation nor deuterium incorporation during the photolysis of hexaglycine in the presence of acetone. 29 Thus, the C-centered radicals resulting from i) the thermolysis of AAPH (AAPH[C • ]), or ii) the photolysis of acetone (H 3 C • , CH 3 C • O) are more likely to react with the thiol moiety of GSH than with any C-H bond in GSH. We can, therefore, consider that any intermolecular hydrogen atom abstraction reaction either between GS • and a C-H bond or AAPH[C • ] and a C-H bond would be largely negligible. Moreover, when GSSG was photolyzed, we observed deuterium incorporation into the final product, GSH-NEM. Especially for low turnovers (0.1<[GSH]/[GSSG]<0.3) an intermolecular H-atom transfer from the product GSH is kinetically unfavorable compared to that from the reactant GSSG, which is initially present at much higher concentration. Nauser et al. 26 also showed specifically for the 1,2-H atom transfer in thiyl radicals from cysteamine, that the reaction is concentration-independent, i.e intramolecular. All these experimental observations and kinetic data support the notion that intramolecular hydrogen atom transfer reactions are more favorable than intermolecular reactions under our experimental conditions.
The formation of a C-centered radical at Gly Specifically the 1,2-H atom transfer, depicted in reaction 56 in Scheme 6, leads to an α-mercaptoalkyl radical, R-C • H-SH. Based on theoretical calculations for 1,2-H atom transfer equilibria of small organic radicals, such as CH 3 S • 44 and HOCH 2 CH 2 S • , 45 we can expect that equilibrium 56 is located far on the side of the thiyl radical. For Cys with a polypeptide sequence, theoretical calculations provide homolytic bond dissociation energies at 298 K of 380.9 and 367.0 kJ/mol for the β C-H and the S-H bonds, respectively, corresponding to a difference of ca. 13.9 kJ/mol. 46 These calculations suggest that in equilibrium 56, ca. 0.4% of the radicals may be present as α-mercaptoalkyl radicals. On the other hand, recent pulse radiolysis experiments on thiyl radicals from Cys and related model compounds suggest, that in aqueous solution a significant fraction of these thiyl radicals undergo a 1,2-H atom transfer. 26 Generally, activation energies for 1,2-H-and 1,3-H-shifts are high. 47 On the other hand, detailed mechanistic studies with alkoxyl radicals (RCH 2 O • → RC • HOH) demonstrate that 1,2-H atom transfer reactions may be assisted by protic solvents, suggesting that solvent effects may also play a role in 1,2-H atom transfer reactions of thiyl radicals. 48 Calculations for Cys α C-H and S-H bonds at 298 K provide homolytic bond dissociation energies of 345.5 and 367 kJ/mol, clearly demonstrating that a 1,3-H atom transfer should be thermodynamically feasible.
Based on a homolytic bond dissociation energy of 344 kJ/mol for Gly α C-H, 39 also the hydrogen transfer from Gly to the thiyl radical of GS • appears thermodynamically feasible. However, conformational restraints must be taken into account. A very high barrier of 134 kJ/mol was calculated for the (Z)-conformation of GS • . 24 However, reversible 1,3-H atom transfer within GS • may convert the original L-Cys into D-Cys (such conversion was recently observed for α C radicals of Ala in small model peptides 29 ), suggesting that additional conformations of GS • may have to be considered for hydrogen transfer. Importantly, reversible hydrogen transfer reactions between Cys thiyl radicals and adjacent Gly residues, in positions n+1 and n+2, have been observed for a series of model peptides. 28 
The use of MS n experiments for the identification of deuterated sites
The important features used to identify the positions of covalently incorporated deuterons during the MS n experiments are not the structure of the different intermediates, but the nature of the neutral losses. This is, the comparison of the different changes of masses observed for each of the MS n experiments, which allowed to determine when deuterons were removed from the ion, and, therefore, included in the neutral loss. The structures of the ions presented in the different Schemes were designed to explain as clearly as possible how a specific neutral loss converts an ion into a successor ion. We understand that some of these structures might be speculative in the absence of calculations. Even though the structures displayed in Schemes 4 and 5 are not based on calculations, they are the result of logical deduction from the comparison of multiple experimental results (MS n spectra). In an effort to rationalize these structures, we have performed representative calculations to justify the formation of the cyclic structure I 1 (Schemes 4 and 5). The results of the calculations are presented in the Supplementary Material (Scheme S1). The results show that the intermediate I 1 is about 23 kcal/mol more stable than the b2 ion and can be used for further fragmentation as described in Schemes 4 and 5. Moreover, the calculations indicate that the fragmentation pathways in Scheme 5 are likely to be more favorable than the ones given in Scheme 4, since the ion resulting from I 1 after the loss of the ketene is more stable than the ion obtained after the loss of H 2 O (Scheme S1).
The observed hydrogen transfer reactions are of biological significance. First, the conversion of GS • into carbon-centered radicals may provide the possibility for an irreversible formation of peroxyl radicals through reaction with molecular oxygen. 49 Second, especially after the 1,3-H atom transfer of GS • , the resulting α C • radical at the Cys residue can undergo β-elimination of HS • to yield dehydroalanine. This reaction has been characterized in some detail for thiyl radicals of small Cys-containing model peptides. 32 In accordance with such reaction, we detected the formation of thioether-linked glutathione dimers after the exposure of GSH to AAPH (see Section 3.6). These thioether-linked dimers are likely the result of dehydroalanine formation followed by a Michael-type addition of a second GSH molecule. In vivo, dehydroalanine-containing products of GSH cause irreversible glutathiolation of proteins such as observed during cataract formation in the human lens. 50 
Conclusion
A detailed mass spectrometry study of the fragment ions of deuterated and derivatized GSH allows the detection of intramolecular H-atom transfer reactions between GS • and the α C-H bond at Gly. Additionally, covalent H/D exchange, within Cys provides evidence for a 1,2-and 1,3-H atom transfers. The latter is of particular interest, since subsequent β-elimination from the C α -centered radical at Cys can generate DHA. The transformation of Cys into DHA in GSH is a potential source of thioether crosslinks in proteins.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. Overlay of the CID spectra of GSH-NEM derivatized (m/z 433.14) obtained after exposure of GSH (500 µM) to AAPH (2 mM) at 37 °C 
MS 3 spectra of the y2 fragment ions of A) products 4-h-S and 5-h-Y, B) products 4-d-S and 5-d-Y, and C) products 6-h-S and 7-h-Y.
The label Y refers to the acetylation of GSH or GSH* at the α C carbon of Cys, at the α C carbon of Gly/Gly* or at the β C carbon of Cys.
Scheme 1.
Formation of glutathione thiyl radical using three different protocols, i) the thermal decomposition of AAPH, ii) the photochemistry of disulfide bond, iii) the photochemistry of acetone (X stands for H or D), and subsequent reactions of the thiyl radical. Overview of the products resulting from acetone photolysis in the presence of GSH and GSH*. The acetylation on either the α C carbon of Cys, the α C carbon of Gly or the β C carbon of Cys is in the text summarized as Y in the name of the product (e.g. 5-h-Y). When we will refer to one of these products, the Y label will be replaced with either the label Cys 
